Chemical weed control with effective and highly active herbicides has been very useful and convenient means. It has contributed to stable crop production and is labor saving. Recent herbicides have had characteristics such as high effectiveness without causing environmental pollution or harmful effects, and appropriate herbicides having high activity, low toxicity, high selectivity and being non-persistent have been developed. The metabolism of rice herbicides used mainly in Japan, such as sulfonylurea, chloroacetamide, acylamide, urea, thiocarbamate, pyrazole, triazine, diphenyl ether, phthalimide, phenoxy, aryloxyphenoxypropionate, etc., is reviewed, and its involvement in selectivity is also discussed. The metabolism of herbicides is closely related to their activity and selectivity. Differential herbicide metabolism in plants is a contributing factor of selectivity between crops and weeds. Chemicals that are more detoxified in crops and/or more activated or less detoxified in weeds are considered as being effective and selective herbicides. The metabolism of various types of rice herbicides includes: oxidative reaction (ring and chain hydroxylation, O-and N-dealkylation), hydrolysis and subsequent glucose conjugation, and glutathione conjugation in rice.These detoxicative activities are much higher in rice than weeds in paddies, and this leads to the selectivity of herbicides. Enzymes, oxidase, P-450 mono-oxygenase, esterase, acylamidase, glucosyl transferase, glutathione transferase, etc., play important roles in herbicide metabolism and selectivity.
INTRODUCTION
Weed management or regulation of weed emergence and growth is a very important process for crop cultivation to prevent yield reduction by competition with weeds. Weeding, however, has previously been a very laborious task. Recently, chemical weed control with effective and highly active herbicides has become very useful and convenient means. It has brought stable crop production and is labor saving. The required characteristics of recent herbicides include having a high effectiveness without causing environmental pollution or harmful effects, a high activity, low toxicity, high selectivity and being non-persistent.
Selectivity is one of the factors of a herbicide that is required for effective and environmentally safe weed control. There are two major processes contributing to herbicide selectivity. There are also two major application methods: pre-emergency or soil application, and post-emergency or foliar application. The former application method is based on soil and/or ecological factors, distribution of herbicides on soil surface depending on adsorption of the herbicides to soil, germination depth, distribution of roots and the positioning of growing points or organs of the plants.The latter is based on physiological factor attributing to plants, crops and weeds. Herbicides are absorbed or penetrate into plants directly or after they have been transformed and transported to the target organs or sites to display phytotoxic activity. Transformation or degradation of the herbicides usually takes place chemically and/or enzymatically in rice paddies and plants. In this review, herbicide metabolism in plants is focused on, although K. Usui 138 herbicide metabolism in paddy waters and soils is also very important.
Plants have acquired protection against toxic chemical substances in their surrounding environments, and this is dependent on the activities of enzymes to metabolize and detoxify the toxic compounds. Plants that have higher activities are more tolerant to the chemicals.
Metabolism of herbicides in plants is a major physiological factor of selectivity, although there are other factors involved such as the sensitivity of targets (enzymes and components) to the herbicides, and absorption and translocation of the herbicides (Ishizuka 1983; Hathway 1989) . These are also the factors of herbicide resistance in weeds. The metabolism of herbicides include the activation and inactivation (detoxification). Chemicals that are more detoxified in crops and/or more activated or less-detoxified in weeds are developed to act as selective herbicides. There might be differential activities to metabolize herbicides between crops and weeds. Crops or weed species have different types and activities of enzymes to metabolize herbicides in different ratios. This might display the differential metabolism of herbicides leading to selectivity. Metabolic pathways of most herbicides were collected by Roberts et al. (1998) .
Major herbicide metabolizing enzymes are hydrolases, oxidases or cytochrome P-450 mono-oxygenases, reductases, and transferases catalyzing conjugation reactions. Lipophilic herbicides that are absorbed or penetrate into plants are usually subsequently subjected to a so-called primary phase reaction, that is, hydrolysis, oxidation and/or reduction to introduce polar group(s) in the molecule, and then the polar groups are conjugated with cell components such as glucose, malonic acid, amino acids, glutathione, etc. (so-called secondary phase reaction), which then leads to detoxification (Kreuz et al. 1996) . Metabolites of the herbicides are usually further incorporated and separated into macromolecules such as cellulose and lignin, and then transported and accumulated in vacuoles, or decomposed finally to CO 2 . Herbicides are usually decomposed during the cultivation period, and none or only a little amount remains, especially in edible parts, when crops are harvested.
Throughout the world, rice is considered to be a major food crop, especially in south-east Asia.The yield of rice is considered to be significantly reduced when weeds are not controlled. In particular, the direct-seeded rice cultivation injuries caused by weeds are more serious because of competition with weeds at very early growth stages of rice. In a paddy, there are many weeds of various species such as annual and perennial grasses, broad leaves and sedges, and this depends on the climate, area and soil condition. Among them, the Echinochloa spp., Cyperus spp., Eleocharis spp., Scirpus spp., Monochoria spp. and Sagaittaria spp., etc., are important (Shibayama 2001) . In particular, the Echinochloa spp. is noxious because of its ecological similarity to rice. Therefore, many types of herbicides to control Echinochloa spp. have been developed and used. Recently, highly active ALS (acetolactate synthase, or acetohydroxy acid synthase)-inhibiting herbicides such as sulfonylurea (SU), pyrimidinyl carboxy (PC, pyrimidinyl oxybenzoate or pyrimidinyl salicylate) herbicides have been developed and used worldwide, and their combined formulations with various herbicides to control Echinochloa spp. have also been used. These ALS-inhibiting SU herbicides are very effective in controlling various kinds of weeds other than gramineous weeds (Beyer et al. 1988; Takeda et al. 1989; Brown & Cotterman 1994) . Pyrimidinyl carboxy herbicides are effective also towards weeds in the Echinochloa spp. Selectivity of ALS-inhibiting herbicides depends mainly on differential metabolism (detoxification) of the herbicides, but not on the sensitivity of the ALS to the herbicides between crops and the weeds. Gramineous plants have a higher metabolic activity; rice in particular has a far higher metabolic activity to detoxify the herbicides than other weeds.
METABOLISM OF RICE HERBICIDES IN PLANTS

Sulfonylurea and pyrimidinyl carboxy herbicides
For weed control of lowland rice cultivation, SU herbicides such as bensulfuron-methyl, pyrazosulfuron-ethyl, azimsulfuron, imazosulfuron, cinosulfuron and PC herbicides, pyriminobac-methyl and bispyribac-Na, etc., have been used. These compounds inhibit ALS at very low concentrations (IC 50 = ca 10 -8 mol L -1
) and inhibit the biosynthesis of branched chain amino acids and then proteins. This results in the inhibition of cell division and growth, and finally exhibits herbicidal activity. Selectivity depends on the metabolism of these herbicides. Sulfonylureas are metabolized and detoxified much faster in rice than in weeds. Sulfonylureas used for rice cultivation have two methoxy groups in the pyrimidine or triazine ring. In rice, O-dealkylation (demethylation) of the methoxy group of pyrimidine or the triazine moiety, hydroxylation of the ring or chain of a benzene or aromatic ring, hydrolysis of a carboxy ester (deesterification) in an aromatic ring, cleavage of a sulfonylurea bridge, and subsequent glucose conjugation, etc., occur in SU herbicides (Beyer et al. 1988) . By these reactions, SU herbicides are detoxified, and the inhibitory activity of ALS decreased remarkably.
Bensulfuron-methyl is metabolized to O-demethylated derivatives, sulfonamide, pyrimidine amine and sulfonamide-derived homosaccarin, as well as to a deesterified derivative in rice much faster than in weeds (Takeda et al. 1986 ). Metabolism of bensulfuron-methyl is studied also in cultured cells . The O-demethylation reaction is also found in pyrazosulfuron-ethyl as a major metabolic route relating to selectivity (Yamamoto et al. 1996) . Pyrazosulfuronethyl is also de-esterified and its sulfonylurea bridge is cleaved. The metabolism of azimsulfuron in rice was compared with Cyperus serotinus Rottb., and it was found that rice metabolizes the herbicide much faster than C. serotinus via the O-demethylation reaction, etc., like bensulfuron-methyl . The major metabolic pathway of imazosulfuron in rice includes the hydroxylation of an aromatic ring and an alkyl chain, as well as O-demethylation, and then glucose conjugation of these hydroxy groups leads to a complete detoxification. The rate of imazosulfuron metabolism in rice is faster than it is in C. cerotinus. Differences in the metabolic rate of O-demethylation between rice and C. serotinus are involved in the selectivity (Kamizono et al. 1994; Shimizu et al. 1996) . Cinosulfuron may be metabolized in a similar way as other SU herbicides in plants by O-demethylation, ring hydroxylation and sulfonylurea bridge cleavage (Adachi & Takenaka 1995a) . Halosulfuron-methyl is subjected to: O-demethylation in the pyrimidine ring, cleavage of an urea bond and hydrolysis of a methyl ester in the pyrazole ring in rice and Echinochloa spp., and cleavage of an urea bond, hydroxylation of ethyl ether in the pyrazole ring and N-demethylation in C. serotinus. Rice has a much higher metabolizing activity, especially in terms of O-demethylation than C. serotinus does (Kamon & Oguchi 2000) .
The O-dealkylation reaction is considered to be a major detoxicative metabolic reaction, and is a contributing factor of SU herbicide selectivity. This oxidative O-demethylation reaction is assumed to be catalyzed by NADPH-dependent mono-oxygenase, cytochrome P-450, by the experimental evidences that inhibitors of P-450 activiy, piperonyl butoxide (PBO) or aminobenzotriazole (ABT) increased the phytotoxicity of bensulfuron-methyl and azimsulfuron (Shirakura et al. 1996) . Because the P-450 activity in plants is low, there are few direct evidences that O-dealkylation of SU are catalyzed by P-450, although many numbers of P-450 species are known to be involved in pesticide metabolism (Ohkawa et al. 1999) . Plant microsomal P-450 activity and its inducing activity on some herbicides including SU are influenced by other herbicides and inducers. Recently, the O-dealkylation reaction by a plant microsome fraction was investigated by using coumarin esters and SU herbicides, and confirmed the involvement of P-450 in O-dealkylation (Yun et al. 2001) .The selectivity appeared to reflect the P-450 (Odemethylation) activity between rice and weeds.
Under inferior conditions of SU application, such as sandy soils and high temperatures, SU occasionally exhibited injury on rice. This injury was alleviated when some herbicide, such as thiocarbamate or a urea herbicide for the control of Echinochloa spp., is combined. This is a so-called safening action. These safener herbicides are assumed to enhance detoxification activities besides the reduction of SU herbicide absorption (Shirakura et al. 1988) .The activity of P-450 to metabolize SU herbicides via O-demethylation, etc., is assumed to be induced by these safener herbicides. Safer activity is considered to be a different mechanism to herbicidal activity . The difference of tolerance to SU herbicides between indica and japonica rice (indica is more tolerant than japonica) is also explained by the difference in the metabolic detoxicative activity (Ohno et al. 1991) .
Pyrimidinyl carboxy herbicide, as pyriminobac-methyl, is very effective in controlling Echinochloa spp. and broad leaved and cyperuceous weeds activated by the hydrolysis of a carboxy ester in plants; free acid is the active form to inhibit ALS (Shimizu 1997) .Therefore, esterase activity might be related to the selectivity in PC herbicides. Bispyribac is used as a sodium salt of carboxylic acid.The mechanism of bispyribac selectivity is unclear, although the metabolism and sterohindrance of a compound seems to be related to the binding of this herbicide to ALS. A major detoxitive metabolism of pyriminobac-methyl is supposed to be O-demethylation (Ikebe 1999) . Bispyribac is metabolized mainly by Odemethylation and 5-hydroxylation of a pyrimidine ring, followed by glucose conjugation, and benzenepyrimidine ether bond cleavage (Matsushita et al. 1994 ).
a-Chloroacetamide herbicides a-Chloroacetamide herbicides are used for weed (annual grasses and broad-leaved weeds) control of paddy rice field, as well as in upland fields. Inhibition of protein biosynthesis and acetyl CoA (AcCoA)-relating sites has been considered to be the action mechanism. However, as a very possible target site or the primary mode of action of chloroacetamide herbicides (including oxyacetamides and cafenstrol), the inhibition of oleic acid incorporation into a non-lipid (non-soluble cell wall) fraction was recently found (Böger 1997).
Pretilachlor is widely used mainly for Echinochloa control in paddies. Physiological selectivity of pretilachlor between rice and early watergrass is mainly based on its metabolism, metabolic detoxification, and especially the glutathione-conjugation reaction (Shim et al. 1990a,b; Deng et al. 1995a Deng et al. ,b, 1996 Deng et al. , 1997 Nagao et al. 1998; Usui et al. 1999 ).This reaction is catalyzed by glutathione Stransferase (GST). Reduced glutathione (GSH) tends to dissociate to produce GS -(thiolate) anion, which is a strong nucleophile. The GS -attacks the electrophilic position of lipophilic compounds, and forms a GSconjugate by a substitution or addition reaction.The GSconjugate is water soluble and less toxic, and can be transported and separated into vacuoles, the so-called third phase reaction or detoxification.The GS-conjugate is usually further metabolized to cysteine-, N-acetyl cysteine-and thiolate-conjugates. a-Chloroacetamide is conjugated with GSH at the Cl group to liberate HCl. Pretilachlor is more rapidly metabolized and detoxified in rice than in early watergrass, mainly via GSH conjugation. Glutathione S-transferase activity on pretilachlor is higher in rice than in early watergrass seedlings. The GST activity is increased by pretilachlor treatment, and this GST-inducing activity is also higher in rice than in early watergrass. This contributes to the selectivity of pretilachlor.
In the safening action of pretilachlor injury by fenclorim and GST activity to pretilachlor is more highly induced in rice than in early watergrass (Shim et al. 1990a,b; Deng et al. 1995a Deng et al. ,b, 1996 Deng et al. , 1997 Wu et al. 1996) . This enhances detoxification of pretilachlor by GSH conjugation, and displays a safening action (Han & Hatzios 1991; Usui et al. 1999) . Glutathione Stransferase is well known to have several isozymes showing broad substrate specificities. In corn and sorghum, it is demonstrated that some safener herbicides such as dichlormid, cyobetrinil, flurazole, benoxacor, and naphthalic anhydride induce GST isozymes specific to metolachlor, as well as the general substrate, CDNB, by various column chromatographic separations, etc. In rice, pretilachlor and fenclorim increased the GST isozyme activity specific to pretilachlor much higher than it did in early watergrass. Fenclorim, however, does not necessarily seem to increase GST isozymes specific to fenclorim. The induction of GST activity may be related to GST substrates, as well as the consumption of GSH or the generation of active oxygen. The oxidative metabolism of pretilachlor has not been clarified yet in rice or paddy weeds, although the activity has been suggested (Shim et al. 1990b ).
Metabolism of butachlor is similar to pretilachlor. Thenylchlor is also used for controlling paddy weeds. Metabolic studies are, however, very limited, although thenylchlor has been found to metabolize to watersoluble compounds and dissipate with time.
Acylamide herbicides
Mefenacet is widely used for the control of Echinochloa spp.The action mechanism is not the inhibition of photosynthesis, but it is considered to be the inhibition of protein biosynthesis and cell division, and oleic acid incorporation into the non-lipid fraction is assumed, although not fully clarified. Mefenacet is rapidly metabolized by hydrolysis, ring hydroxylation, and then conjugation in rice (Kurihara 1993) . Etobenzanide is recently developed. Its action mechanism is thought to be the inhibition of protein synthesis, although this has not been clarified precisely. A hydrolytic metabolite, ethoxymetoxybenzoic acid (EBA), does not seem to display auxin activity. Another hydrolytic metabolite, 2¢3¢-dichloro-4-hydroxybenzanilide (HBDA), is further hydrolyzed to 2,3-dichloroaniline (DCA) in plants (Motegi 1996) . Rice has a higher metabolic activity to detoxify etobenzanide than paddy weeds such as early Fig. 1 . Major rice herbicides and their primary metabolisms in plants. 1, 2, 3, azimsulfuron; 4, imazosulfuron; 5, cinosulfuron; 6, 7, 8, 9, pretilachlor; 10, butachlor; 11, thenylchlor; 12, mefenacet; 13, etobenzanid; 14, cafenstrole; 15, propanil; 16, dymron; 17, cumyluron; 18, benthiocarb; 19, dimepiperate; 20, esprocarb; 21, molinate; 22, pyributicarb; 23, pyrazolate; 24, pyrazoxyfen; 25, benzofenap; 26, benzobicycron; 27, simetryn; 28, dimethametryn; 29, clomethoxynil; 30, bifenox; 31, pentoxazone; 32, 2, 33, MCPA; 34, MCPB; 35, clomeprop; 36, naproanilide; 37, quinclorac; 38, benfresate; 39, 40, bentazone; 41, piperophos; 42, CAN; 43, cinmethylin; 44, indanofan; 45, bromobutide; 46, butamifos; 47 , cyclosulfamuron; 48, fentrazamide; 49, oxadiargyl; 50, oxaziclomefone. Metabolic reaction:¨ OH, hydroxylation; (, dealkylation; COOH, carboxylation, ≠, Ø, hydrolysis or cleavage;¨H, reduction;¨gluc or SG, glucose or glutathione conjugation; SAEO or S¨O, sulfoxidation or S-O exchange. ᭣ watergrass do. Recently-developed cafenstrole has an assumed action mechanism that causes the inhibition of fatty acid biosynthesis, especially unsaturated fatty acids to non-lipid fractions (Böger 1997). Cafenstrole is metabolically decomposed to eliminate the diethyl carbamoyl moiety and oxidation of a methyl side chain at the 4-position of a benzene ring. They are then conjugated with glucose or amino acid to produce non-toxic compounds (Takayama et al. 1995; Kanzaki 1999) . Propanil (DCPA) has an inhibitory activity to photosynthesis electron transfer system on thylakoids in chloroplasts, in a similar way to other inhibitors such as phenylurea and trianines, etc. Propanil inhibits the binding of plastoquinone (PQ) by competition with PQ at the PQ-binding site B (PQ B ) in the D1 protein of photosystem II. This results in a depletion of NADPH and ATP, and the generation of active oxygen to injure the photosynthetic apparatus in chloroplasts. Selectivity of propanil between rice and early watergrass depends on metabolic detoxification, and the hydrolysis of the acyl amide bond by aryl acyl amidase, where the activity on DCPA is much higher in rice than in early watergrass. Three isozymes of aryl acylamidase are found, and aryl acylamidase I contributes to the selectivity of DCPA (Akatsuka 1979) . The selectivity among some species in the genus Oryza and in gramineous plants is also related to the enzyme activity (Yogo & Ishizuka 1985; Chen & Matsunaka 1990 ). The simultaneous application of carbamate or phosphate insecticides with propanil results in the phytotoxicity to rice, because aryl acyl amidases are inhibited by these insecticides. A hydrolysate, 3,4-dinitroaniline, may be further conjugated with sugars (Motegi 1994 ).
Thiocarbamate herbicides
Many carbamate and thiocarbamate herbicides have been used to control paddy weeds, especially early watergrass. The action mechanism of thiocarbamate herbicides is assumed to be the inhibition of fatty acid biosynthesis which CoA or sulfhydryl (-SH) compounds are involved in.
Benthiocarb (thiobencarb) has been used for a long time (Shigematsu 1994 ). This herbicide is metabolically detoxified by N-demethylation to form a Ndi-demethyl compound via a mono-demethyl derivative, which is partially toxic. Hydroxylation of a phenyl ring at the 2-position also occurred. This detoxicative activity is higher in rice than in early watergrass. Benthiocarb is further metabolized via several routes to p-chlorobenzoic acid, p-chlorosalicylic acid and pchlorobenzylthiosulfonic acid in plants. These acids and the hydroxy group are then conjugated (Nakamura et al. 1977) . Dechlorination of benthicarb at the benzene ring by soil microorganisms under reductive conditions brings injury to rice. The dechlorinated benthiocarb loses selectivity, and inhibitors of the dechlorination were developed to prevent the injury.
Dimepiperate is converted into hydroxy and oxon derivatives in rice. This metabolism is a slightly affected by a mixed-treatment with benfresate (Suzuki et al. 1994) . Sulfoxide may be produced similarly to EPTC. The thiocarbamate bond may be hydrolyzed to form SH and amine compounds. Thiocarbamate herbicides show safening actions against the injury of rice caused by other several herbicides such as SU. Dimepiperate might enhance the detoxicative oxidation activity such as O-dealkylation by P-450 in rice (Shirakura et al. 1988) .
Esprocarb is highly active on Echinochloa spp. and other annual weeds, and is used in a mixed formulation with SU. Major metabolic processes are assumed to be the oxidation of S (sulfur atom), cleavage to form benzyl alcohol, and then oxidation to benzoic acid in rice (Nakatani 1993 ).
Pyributicarb, a thionotype carbamate, is used for the control of annual paddy weeds, especially Echinochloa spp., and shows a unique action mechanism, that is, the inhibition of squalene epoxidase catalyzed by some kind of P-450. Metabolism of pyributicarb in rice may include a O-demethylation reaction in the pyridine ring, and ring and chain hydroxylation (Murakami et al. 1997) .
Urea herbicides
There are two types of urea herbicides showing different action mechanisms. One is the inhibition of the photosynthetic electron transfer, which is not usually used in paddy fields.The action mechanism of the other type is almost unclear.
Dymron (Daimuron) is the latter type, and is used for the control of perennial weeds such as Cyperus spp. Dymron shows excellent safening activity against injuries of rice by sulfonylurea, chloroacetamide, etc. Dymron may induce P-450 activity to detoxify these herbicides. Dymron itself is metabolically detoxified, mainly by the ring-methyl hydroxylation followed by glucose conjugation and carboxylic acid formation, and ring hydroxylation (Uchiyama 1978; Hoko 1994) .
The recently developed cumyluron may have a similar action mechanism as dymron, although this is not clear yet. The metabolism of cumyluron in plants may be similar to that of dymron, that is, ring and chain hydroxylation and/or hydrolysis of the urea carbamoyl bond.
Pyrazole herbicides
A pyrazole herbicide, pyrazolate, has been used for a long time to control paddy grass weeds and sedges such as Cyperus, Echinochloa and Sagittaria spp., and is active in the hydroxylated form. Pyrazolate is hydrolyzed rapidly to a hydroxy (-OH) form called destosyl pyrazolate (DTP), and is activated in paddy water.Therefore, selectivity may depend on the detoxicative metabolism or target site sensitivity. Pyrazolate is rapidly metabolized in roots and produces a glucose conjugate (Ando et al. 1988) . The metabolism includes methyl hydroxylation, N-demethylation and oxidative cleavage of the benzoyl bond (Oguni 1993) . Pyrazolate has been recognized possibly to inhibit chlorophyll and/or carotenoid biosynthesis, as chlorosis or bleaching is observed after pyrazolate treatment. Very recently, the inhibition of carotenoid synthesis, especially the inhibition of phydroxyphenyl pyruvate dioxygenase (HPPD), is proposed to be a primary action site. A supplement of the HPPD product, gentigic acid, alleviates phytotoxicity of pyrazolate in susceptible plants. Destosyl pyrazolate has been examined to possibly inhibit HPPD, which produces electrons supplied for the phytoene desaturase reaction. This inhibition might bring about the inhibition of phytoene desaturase and carotenoid biosynthesis. As the inhibition of carotenoid synthesis results in the injury of photosynthetic organs by activated oxygen, selectivity may also partially be related to the anti-oxidative activity in plants.
Pyrazoxyfen and benzofenap have similar chemical structures to pyrazolate. Phytotoxic symptoms appear to be similar to pyrazolate, suggesting that they have similar action mechanisms. In rice, the phenacyl ether bonds of these herbicides are hydrolyzed to produce -OH forms, and this might be a activation reaction similar to pyrazolate. These herbicides are partially reduced at the phenacyl carbonyl group to produce another -OH form. These -OH forms are usually subsequently conjugated with glucose and incorporated to bound residues (Maeda 1993; Yamagishi 1993) . Recently developed benzobicycron also gives a similar phytotoxic symptom to weeds. This herbicide is also hydrolyzed to form the activated form of -OH. This herbicide, after activation, is also found to inhibit HPPD, and consequently inhibits phytoene desaturase of carotenoid biosynthesis (Sekino et al. 2001) .
Triazine herbicides
Triazine herbicides inhibit the photosynthetic electron transfer system in a similar way that DCPA and phenylureas do. Many triazines are used for upland, and simetryne and dimethametryne are used for paddy weed control. Triazines are mainly metabolized by N-dealkylation, hydroxylation and dechlorination. Dechlorination is also conducted by GSH conjugation in the case of chloro-s-triazine. As for thiomethyltriazine, after the thiomethyl group is sulfoxidized, GSH conjugation is carried out. Selectivity also depends on metabolic detoxification. The major metabolic process of simetryn is the hydroxylation of 2-thiomethyl, deamination of 4-/6-ethyl amino group, and then the cleavage of a triazine ring (Kurata & Adachi 1996) . Dimethametryn may be metabolized in a similar way as simetryn.
Diphenyl ether and phthalimide herbicides
Diphenyl ether herbicides are usually foliar applied.The effect appears rapidly under light conditions, and results in a photo-bleaching and wilting of shoots. The action mechanism is as complicated, as the herbicides strongly inhibit the enzyme protoporphyrinogen IX oxidase of the chlorophyll biosynthetic pathway, and accumulated protoporphyrinogen IX overflows into the cytosol and is oxidized to protoporphyrin IX, which is a strong photosensitizer producing active oxygen 1 O 2 . This active oxygen peroxidize unsaturated fatty acids of membrane lipids. This resulted in a destruction of the cell membrane, and caused cell injury and plant growth inhibition.
Diphenyl ether herbicides are generally little metabolized and have rather low selectivities. Bifenox is, and nitrofen, chloronitrofen and chlomethoxynil were used for paddy weed control. The selectivity may depend on absorption and metabolism of herbicides (Lee et al. 1991) and anti-oxidative systems, that is, contents of anti-oxidants VC, VE, GSH, and enzymes eliminating active oxygens and reductases (SOD, catalase, peroxidase, GSH reductase, etc.) . Chlomethoxynil is metabolized by O-demethylation in rice more than in early watergrass, which led to the selectivity .The reduction of -NO 2 to -NH 2 , and the cleavage of the ether bond were also found. Rice exhibits unusually high antioxidative activities; this is also suggested as a factor of diphenyl ether herbicide selectivity or active oxygen generating herbicides.
Phthalimide herbicides have a same action mechanism as diphenyl ether herbicides, and are usually not used paddy fields. Recently developed pentoxazone controls early watergrass with very low phytotoxicity to rice. Pentoxazone is metabolized and detoxified rapidly in rice, although its precise route is not clear (Yoshimura 2000) .
Phenoxy (or auxinic) herbicides
A typical phenoxy herbicide, 2,4-D (2,4-PA), might be a pioneer herbicide, as it was introduced after World War II and has shown excellent efficacy in the control of weeds. 2,4-D exhibits strong plant hormonal, auxinic activity to disrupt auxin activity, and brings about growth inhibition in broad-leaved plants. Phenoxy or auxinic herbicides are principally active on broad leaves and less active on gramineous plants because of the difference in the action sites. 2,4-D is by far more chemically stable than natural auxin (IAA), and the effect continues for a long time. Auxin usually stimulates or induces aminocyclopropane carboxylate (ACC) synthase and ethylene formation. By using 2,4-D treatments, much ethylene is released and involved in the activity of 2,4-D. Simultaneously produced hydrogen cyanide (HCN) may also be involved in phytotoxicity. 2,4-D is metabolized in tolerant plants mainly by hydroxylation and dechlorination of a benzene ring, known as the NIH shift, and glucose conjugation at -OH and -COOH. The herbicide, MCPA, has the same activity as 2,4-D, and is metabolized similarly to 2,4-D, and ring-methyl hydroxylation may also take place (Roberts et al. 1998) . The herbicide, MCPB, is uniquely activated to MCPA by b-oxidation in plants.
Clomeprop and naproanilide are used to control broadleaved and cyperuceous weeds. These herbicides are activated after being converted to free acid forms by hydrolysis of the acylamide bond, which may be catalyzed by acylamidase (Kobayashi & Ichinose 1984 , 1987 Oyamada et al. 1986a,b) . They are detoxified by chain and/or ring hydroxylation followed by glucose conjugation in rice (Miyake 1994) . Selectivity depends on the action mechanism and detoxification metabolism. Rice has a much higher detoxicative activity than susceptible weeds like C. serotinus and Sagittaria pigmae Miq. The metabolism of clomeprop and DMPA (active metabolite) to non-toxic metabolites is faster in rice than in susceptible plants (Wongwattana & Ishizuka 1988; Wongwattana et al. 1990; Sunohara et al. 1994) , and the concentration of DMPA is much lower in rice. The ring methyl hydroxylate (3-CH 2 OH-DMPA) and conjugates are found as inactive metabolites (Wongwattana & Ishizuka 1988) . This detoxicative metabolism is slightly increased by a combined treatment with dimepiperate (Lee et al. 1993) .
Quinclorac exhibits a high activity on weeds, especially broad-leaved weeds. The action mechanism is considered as a strong auxinic activity, including the generation of much ethylene. Inhibition of cell wall biosynthesis and toxic action of HCN are also proposed. Recently, the light-involving action mechanism, a different action from auxinic activity on grameneous plants is proposed (Sunohara & Matsumoto 1997) . In Japan, this herbicide was withdrawn because of the strong residual phytotoxic activity on cucurbits after application in paddy fields. Glucose conjugation may take place as a major metabolism of quiclorac in plants (Lamoureux & Rusness 1995) .
Aryloxyphenoxypropionate herbicides
Aryloxyphenoxypropionate herbicides generally inhibit the acetyl CoA carboxylase (ACCase) of gramineous plants specifically. Therefore, aryloxyphenoxypropionate herbicides have not been used for paddy weeds. However, recently developed cyhalofop-butyl is effective for the control of Echinochloa spp. Selectivity depends on the difference in the metabolic detoxification rate between rice and weed early watergrass. Cyhalofop-butyl is activated by hydrolysis to form free acid in both plants, as other aryloxyphenoxypropionate herbicides are activated by hydrolysis to form free acid. In rice, the nitrile group is further hydrolyzed to form di-acid for detoxification, but not in early watergrass. The inhibitory activity (I 50 ) of ACCase by cyhalofop, cyhalofop-methyl and di-acid are 2, 100 and 200 ppm, respectively (Imai et al. 1994; Yamamoto 1995) .
Other herbicides (diazine, organophosphorus, cineol, quinone types)
A diazine herbicide, bentazone, shows photosynthesis inhibition, CO 2 fixation and herbicidal activity in broad-leaved weeds. Rice and gramineous plants are tolerant to this herbicide because of their higher activity to metabolize and detoxify this herbicide mainly by 6-hydroxylation and glucose conjugation (Mine et al. 1975; Hizume 1993) . Bentazone 6-hydroxylation is demonstrated also in vitro by P-450 of some plants.
Organophosphorus herbicides, anilofos and piperophos, control annual grass weeds and sedges like barnyard grass and cyperuceous weeds. The action mechanism is assumed to be a protein biosynthesis inhibition, although details are not fully clarified. Piperophos is cleaved by hydrolysis of the P-S-ester bond, directly or after the oxidative S-O exchange reaction. These metabolites are further cleaved at the piperidine ring and metabolized to form conjugates and bound residues, and finally CO 2 (Adachi & Takenaka 1995b) . The cineol herbicide, cinmethylin, is used for the control of annual broad leaves, barnyard grass and cyperuceous weeds, and metabolized to monohydroxy and dihydroxy compounds and then glycosides (Inoue 1994) . The quinone herbicide, ACN (quinoclamine), is used to control algae, duckweed, Potamogeton distinctus, etc., by having a strong oxidative activity and inhibiting the oxidative phosphorylation and photosynthesis. Its main metabolism in plants includes the hydroxylation of an amino group and Cl, and dechlorination, thus producing dihydroxy naphthalene (Someya 1994 ).
There are other herbicides that have been developed recently or ones that have been developed earlier such as bromobutide, butamifos, cyclosulfamuron, fentrazamide, indanofan, oxadiargyl and oxazichlomefone, of which there is no metabolic information available.
CONCLUSION
The major metabolism of various types of rice herbicides are oxidative reaction (ring and chain hydroxylation, O-and N-demethylation), hydrolysis and subsequent glucose conjugation, and glutathione conjugation in rice. These detoxicative activities are much higher in rice than in weeds in paddy fields, and this leads to the selectivity of the herbicides. Enzymes such as oxidase, P-450 monooxygenase, esterase, acylamidase, glucosyl transferase, glutathione transferase, etc., play important roles in herbicide metabolism and selectivity.
